Terminal differentiation is characterized by a permanent withdrawal of cells from the cell cycle. Retinoblastoma protein (RB) has been involved in cell cycle progression. Accumulating evidence also implicates RB in the promotion of differentiation of many cell types. We present new insights into the role of RB and other cell cycle regulatory proteins in adipocyte differentiation and on the role of retinoic acid (RA) in the regulation of the latter process. It is shown that RA reduces RB expression and enhances RB phosphorylation by a mechanism that involves down-regulation of the cyclin-dependent kinase inhibitor (CKI) p21 Cip1 , having this fact as important consequences for both the cell cycle progression and the adipocyte differentiation process. The effects of RA result in the blockage of adipogenesis, but may also favor the retention of a pool of adipose cells able to re-enter the cell cycle, which may be important for the developmental dynamics of adipose tissue in vivo. In addition, these results reinforce the idea that there is a cross-talk between the cell cycle machinery and the adipocyte differentiation machinery that can be modulated by external signals, including nutrients. D
Introduction
Adipogenesis is a complex process of converting proliferating adipoblasts into permanently cell cyclearrested, fat-laden adipocytes [1, 2] , which plays a central role in lipid homeostasis and in the maintenance of energy balance [3] [4] [5] . Abnormal regulation of adipocyte differentiation is linked to obesity, a major health problem in developed countries and a risk factor for many serious illnesses such as cardiovascular diseases, diabetes, arthritis, and others [2, 6, 7] .
In recent years, significant progress has been made in identifying adipocyte-specific genes, adipogenic transcription factors, and transcriptional co-activators [2] . Various families of transcription factors, including peroxisome proliferator-activated receptors (PPARs) and CCAATenhancer binding proteins (C/EBPs), have been demonstra-ted to act co-operatively and sequentially to trigger the adipocyte differentiation program in response to adequate hormonal stimulation [2, 8, 9] . The process eventually leads to the phenotype of the mature adipocyte, expressing the genes that control lipogenesis and lipolysis and other key processes [5, 10, 11] . Moreover, several co-activators have been shown to contribute to the biological function of key transcription factors by mediating their communication with the basal transcription machinery and the chromatin environment, allowing a fine regulation of fat cell differentiation [9, 12, 13] .
Terminal differentiation is characterized by a permanent withdrawal of cells from the cell cycle. Retinoblastoma protein (RB) has been involved in cell cycle progression either through its ability to repress E2F/DP-dependent promoters or through recruitment of histone deacetylases [13] [14] [15] . Accumulating evidence also implicates RB in the promotion of differentiation of many cell types, through its ability to activate gene transcription in concert with certain non-E2F transcription factors [15, 16] . This dual function of RB can be genetically and mechanistically dissociated [17] . The involvement of RB in adipocyte differentiation was first suggested by our group [18] and is related to the ability of RB to activate C/EBPa-mediated transcription [18] [19] [20] , a property that is not shared by other members of the RB protein family [21] . RB is hyperphosphorylated early in adipogenesis, corresponding to the period of clonal expansion, and soon after it becomes hypophosphorylated [20, 22] . The levels of hypophosphorylated RB increase during adipogenesis [20] , and this presumably prevents the reentry of the cells into the cell cycle and promotes terminal differentiation. More recently, other roles in adipogenesis have been attributed to RB: attenuating PPAR's transcriptional activity, avoiding adipocyte hypertrophy [13] , or determining white versus brown adipocyte differentiation [23] .
RB phosporylation modulates the capacity of the protein to interact with the different transcription factors and requires a cyclin-dependent kinase (CDK) and the regulatory partner cyclin [24] . CDK activity is further modulated by cyclin-dependent kinase inhibitors (CKIs), which fall into two distinct multigene families, represented by the prototypes p21 Cip1 and p16 INK4a , which differ in both structure and mechanism of action. Adipocyte differentiation has been associated with changes in the expression of several CKIs, including p21 Cip1 , p18 INK4c , and possibly p27 Kip1 [25, 26] , which are induced by both PPARg and C/ EBPa [25, 27] , thereby providing a molecular mechanism that couples growth arrest with differentiation.
Retinoic acid (RA), the main active form of vitamin A, modulates the differentiation and proliferation of a wide variety of mammalian cell types [28] . Most of the cellular responses to RA are mediated through two families of nuclear receptors, the retinoc acid receptor (RAR) and the retinoid X receptor (RXR). Adipocytes express the known subtypes of these receptors [29] . It has been shown that RA, via activated RARs, may block C/EBPh-mediated transcription (an early event in adipogenesis) when the levels of PPARg and C/EBPa are still low and the cells are still in the cell cycle [22, 30] .
In this paper, we present new insights into the role of RB and other cell cycle regulatory proteins in adipocyte differentiation and on the role of RA in the regulation of the latter process. It is shown that RA reduces RB expression and enhances RB phosphorylation by a mechanism that involves down-regulation of the CKI p21 Cip1 , this having important consequences for both cell cycle progression and the adipocyte differentiation process.
Materials and methods

Cell cultures, differentiation and RA treatment
3T3 F442A cells were cultured at 37 8C and 8% CO 2 in growth medium containing 10% newborn calf serum (NCS) in Dulbecco's modified Eagle's medium (DMEM) with 2 mM glutamine and 50 IU penicillin/50 mg streptomycin per milliliter. To promote adipocyte differentiation, 2 days after cell confluency (day 0 of differentiation), cells were placed in differentiation medium (DMEM with glutamine and antibiotics containing 10% fetal calf serum (FCS) and 2 Ag/ ml insulin-Actrapid, Novo Industries, Denmark). Eight days later, the cells were fully differentiated. The medium was changed every 2 days.
HIB 1B cells were maintained at 37 8C and 8% CO 2 in preadipocyte growth medium (DMEM plus 10% heatinactivated FCS, 2 mM glutamine and 50 IU penicillin/50 mg streptomycin per milliliter of DMEM). To promote differentiation of HIB 1B cells into brown adipocytes, confluent cells were refed with induction medium (preadipocyte medium supplemented with 0.5 mM 3-isobutyl-1methylxanthine, 0.5 AM hydrocortisone and 0.125 mM indomethacin) for 3 days, and then with adipocyte medium (preadipocyte medium supplemented with 20 nM insulin plus 1 nM triiodothyronine) for 8 days [31] .
Chinese hamster ovary (CHO) K1 cells were grown in F12 medium supplemented with 2 mM glutamine and 10% fetal bovine serum, at 37 8C and 8% CO 2 .
Cultured cells were treated with all-trans retinoic acid (RA) (Sigma, Madrid, Spain), dissolved in ethanol, at the times and doses indicated in the figure legends, after changing the culture medium. Control cells received the same treatment but with ethanol only. All experiments were performed at least twice.
Oil red O staining
Dishes were washed with phosphate-buffered saline (PBS, 9.1 mM dibasic sodium phosphate, 1.7 mM monobasic sodium phosphate and 150 mM NaCl, pH 7.4), and fixed by 10% formaldehyde in PBS for 15 min. After fixation, cells were PBS rinsed and stained with oil red O filtered solution (3 mg/ml in isopropyl alcohol-Sigma) for 1 h. Cells were then washed with water and visualized with a Zeiss phase-contrast microscope (original magnification, Â320).
Indirect immunofluorescent microscopy
The immunofluorescence analysis was performed following the protocols by Osborn [32] and the research applications from Santa Cruz Biotech Inc. (Santa Cruz, CA). Cultured 3T3 F442A adipocytes (day 6 of differentiation) were trypsinized onto glass multitest slides (Nalge-Nunc Internatl, Madrid, Spain). After 2 days, cells were briefly rinsed with PBS, fixed in methanol (À10 8C; 5 min) and airdried. All subsequent incubations were performed at room temperature in a humidified chamber. Cells were then rehydrated in PBS and blocked with 5% heat-inactivated FCS in PBS for 30 min. Samples were washed in PBS and incubated with the specific antibody (rabbit polyclonal anti-RB from Santa Cruz Biotech., diluted 1:200 with blocking solution) for 1 h, followed by another PBS wash and 45-min incubation with the second antibody (fluorescein-conjugated goat anti-rabbit IgG from Santa Cruz Biotech., diluted 1:50 with blocking solution). Finally, after washing in PBS, nuclei and lipid droplets were stained with Hoechst reagent (20 g/ml in PBS with 25% ethanol-Sigma) for 1 min and with oil red O filtered solution (3 mg/ml in isopropyl alcohol-Sigma) for 15 min, respectively. Coverslips were placed and cells were examined using a Zeiss microscope with fluorescence optics (original magnification, Â1000).
Cell extracts and Western blotting
At the indicated times, cultured cells were harvested in a small volume of RIPA buffer (PBS, pH 7.4, containing 1% nonidet P40, 0.5% sodium deoxycholate and 0.1% SDS-Sigma) with freshly added protease inhibitors (1 Ag/ml aprotinin and 1 Ag/ml leupeptin-Boehringer Mannheim, Barcelona, Spain), and sheared through a 21-gauge syringe. Phenylmethylsulfonyl fluoride 100 Ag/ml (Sigma) was added to lysates, incubated on ice for 30 min and centrifuged at 15,000Âg at 4 8C for 10 min. Supernatant was collected, and protein concentration was determined by Bradford method [33] . Protein, 100-150 Ag, was subjected to 7.5%, 10% or 14% SDS-polyacrylamide gel electrophoresis. Proteins were then transferred to nitrocellulose membrane and Ponceau-S (0.1% in 5% acetic acid-Sigma) staining was performed to confirm equal loading/transfer. Following transfer, membranes were blocked with milk and probed first with the primary antibody (rabbit polyclonal anti-RB, 1:500-Santa Cruz Biotech.; rabbit polyclonal anti-p21, 1:1000-Santa Cruz Biotech.; mouse monoclonal anti-p27, 1:1000-Transduction Laboratories, Lexington, KT; chicken polyclonal anti-LPL, 1:1000 [34] ; rabbit polyclonal anti-PPARg, 1:2000 [35] ; and rabbit polyclonal anti C/EBPa, 1:200-Santa Cruz Biotech.) in PBS-Tween 20 containing 0.1% milk for 1 h. Membranes were then washed with PBS-Tween 20 and incubated with a secondary antibody horseradish peroxidase-conjugated (donkey anti-rabbit IgG-Amersham, Barcelona, Spain; sheep antimouse IgG-Amersham; or rabbit anti-chicken IgG-Sigma) diluted 1:5000 in PBS-Tween 20 containing 0.1% milk for 1 h. After washing with PBS-Tween 20, the blots were developed using ECL chemoluminescence detection reagent (Amersham) and visualized by exposure to a film. In quantitative experiments, films were scanned and quantified with a BioImage computing densitometer (Millipore, Bedford, MA).
Transfection assays
CHO K1 cells and HIB 1B adipocytes were cultured as described above. Before harvesting, cells were treated with RA at doses indicated in the figures. Cells were transfected by the calcium phosphate co-precipitation method using 20-Ag reporter (4551CAT) and 20-Ag expression plasmids (pMT2C/EBPa and CMVPRB) or their corresponding vectors [31] . The 4551CAT reporter plasmid contained the full-length 5V-flanking promoter of the rat ucp1 gene driving the promotorless chloramphenicol acetyltransferase (CAT) gene. pMT2C/EBPa and CMVPRB contained the full-length human C/EBPa and RB cDNAs, respectively.
After 4 h, the cells were shocked with 5 ml of medium containing 15% glycerol for 2 min, washed twice with PBS, refed with fresh medium and treated either with RA or ethanol. After 20-(CHO K1 cells) or 40-h (HIB 1B adipocytes) incubation, cell extracts were prepared by freeze-thawing lysis in 0.25 M Tris-HCl, pH 8.0. Protein concentration [33] and CAT activity [36] were determined. Each transfection was performed a minimum of two times using different preparations of each plasmid.
Statistics
Data are presented as mean valuesFS.E.M. Differences between groups were assessed by one-or two-way analysis of variance (ANOVA) and then by least significant difference (LSD) post hoc comparisons or Student's t-test. The analyses were performed with SPSS for Windows (SPSS, Chicago, IL).
Results
RA reduces the expression of RB and increases RB phosphorylation in cultured adipocytes
After 8 days of culture in differentiation medium, a high percentage of 3T3 F442A cells had acquired the typical morphology of differentiated white fat cells. At this time, RB was clearly detected by immunofluorescence in the nuclei of differentiated 3T3 F442A adipocytes (Fig. 1a) , which contained high levels of cytoplasmic lipids and expressed the adipocyte marker proteins PPARg, C/EBPa and LPL (Fig. 1b) . As expected, treatment with RA (10 À5 M), initiated with the shift to differentiation medium, blocked the accumulation of lipid droplets in the cytoplasm, decreased the expression of the adipogenic transcription factors C/EBPa and PPARg, and totally inhibited LPL expression ( Fig. 1b) . Interestingly, nuclear-RB immunofluorescence was markedly reduced in the RA-treated cells (Fig. 1a ). In fact, in these cells RB staining was close to that observed in density-arrested preadipocytes (data not shown). The protein content of the plates was not affected by RA treatment (Table 1) .
Shao and Lazar [22] showed in 3T3-L1 cells that the presence of RA at the time of adipogenic stimulation increased the phosphorylation state of RB. We performed a series of experiments to determine if RA would have the same effect in differentiated adipocytes: 3T3 F442A cells were induced to differentiate under normal conditions and were treated with increasing concentrations of RA (from 10 À7 to 10 À5 M) from day 6 to 8, when they were already differentiated. The results in Fig. 2 show a relatively constant amount of the hypophosphorylated form (RB) and a significant dose-dependent increase of the hyperphosphorylated form (pRB) in the RA-treated adipocytes. The increase in the pRB/RB ratio reached a plateau at RA 10 À5 M, where RA-treated cells had three times more pRB than the control, nontreated, cells. Total protein content was significantly higher in the plates treated with 10 À5 M RA than in the control plates ( Table 2 ).
RA reduces the levels of p21 Cip1 protein in cultured adipocytes
To assess whether CKIs could be targets of RA action in adipocytes, p21 Cip1 and p27 Kip1 CKI proteins, which appear to be important in the events of adipocyte differ-entiation [25] , were measured in 3T3 F442A differentiating and differentiated control and RA-treated adipocytes. p21 Cip1 protein was not detected in density-arrested cells (day 0), in accordance with previous results [25] , but following the addition of the differentiation medium, and concomitant with the expression of C/EBPa and PPARg, it was gradually increased (up to day 8) ( Fig. 3) . In contrast, p27 Kip1 protein was detectable in density-arrested cells and in differentiated cells, but showed a transient decrease during the first 48 h (from day 0 to day 3) in differentiation medium (Fig. 3 ). The increase in p21 Cip1 protein expression during the process of differentiation was prevented by RA (10 À5 M) ( Fig. 3) . Moreover, levels of p21 Cip1 were also markedly down-regulated by RA in already differentiated 3T3 F442A adipocytes, treated with RA from day 6 to day 8 after the onset of adipogenesis. The expression of p27 Kip1 protein was not affected by RA treatment (Fig. 3 ).
RB modulates the interaction between C/EBPa and ligand-activated RAR in adipose cells
To gain insight into the role of RB in late adipogenesis, particularly in its impact on the functional relationship between C/EBPs and activated RAR in fat cells, we investigated whether RB in the presence of RA would modulate ucp1 gene promoter activity, which is regulated by both C/EBPa [20] and RAR [37] [38] [39] .
We used the cell line HIB 1B, which is able to differentiate into brown adipocytes, and also the nonadipogenic cell line CHO K1 to test whether the effects were specific for adipocyte cells. Treatment with RA (10 À5 M) after transfection with the 4551CAT reporter plasmid enhanced the expression of CAT driven by the ucp1 promoter, four times in HIB 1B adipocytes and eight times in CHO K1 cells (Fig. 4a ). Ectopic overexpression of C/ EBPa significantly prevented the induction of CAT activity by RA, both in HIB 1B adipocytes (Fig. 4b, bar 4 ) and CHO K1 cells (Fig. 4c, bar 4 ). Interestingly, ectopic overexpression of RB partially counteracted the inhibitory effect of C/EBPa on the induction of the ucp1 promoter by RA only in the adipocyte environment (Fig. 4b, bar 5) , and not in CHO K1 non-adipose cells (Fig. 4c, bar 5 ).
Discussion
Cell differentiation is a fundamental process that grants unique identity through a program of coordinated expression of tissue-specific genes. General features in most types of differentiated cells are a notable lack of proliferation and the maintenance of an irreversible cell cycle exit. In adipose cells, it has been shown that following an appropriate combination of growth and adipogenic signals, precursor cells induce a cascade of transcription factors and cell cycle proteins that contribute to the control of subsequent differentiation steps [1] , and The cells were cultured in differentiation medium for 6 days followed by 2 days in the absence (control) and presence (RA-treated) of increasing concentrations of RA (from 10 À7 to 10 À5 M). The results are the meanFS.E.M. of two independent experiments and were analyzed by a one-way ANOVA followed by LSD test post hoc comparison. Significant differences ( pb0.05): RA, effect of RA; Values not sharing a common letter were statistically different. Fig. 3 . Retinoic acid blocks p21 Cip1 CKI protein expression in 3T3 F442A adipocytes, irrespective of the stage of differentiation. p21 Cip1 and p27 Kip1 proteins were detected by Western blot analysis in control and RA-treated 3T3 F442A adipocytes. Adipocytes were cultured in differentiation medium in the absence (control) and presence of 10 À5 M RA for 8 days (RA-treated) or for the last 2 days (Ad. RA). Whole cell lysates (150 Ag of protein) were separated on a 14% SDS-PAGE and blots were subjected to appropriate immunoblot analysis, as described in Materials and methods. The experiments were performed at least two times. that certain growth arrest-associated genes are immediateearly targets of adipogenic signals [40] . We and others have studied the RB family, providing further knowledge on the coordination between these key cell cycle regulatory proteins and the key regulatory transcription factors responsible for the development of fully differentiated adipocytes [13, [18] [19] [20] [21] [22] 25, 26, 41, 42] . However, even though RA is a well-known inhibitor of adipogenesis [43] , little is known on the connection between cell cycle and adipogenic-inhibitory specific events induced by RA. The results presented here show that the normal increase in RB levels during 3T3 F442A adipocyte differentiation is blocked in the presence of RA. Thus, RB expression levels remained low, and close to the levels of density-arrested preadipocytes, in the cells treated with RA from the onset of adipogenesis, which had reduced cell lipid content and reduced expression of adipocyte markers (LPL, C/EBPa and PPARg). Because it is well established that RB strengthens the effects of C/EBPs in adipogenesis [18, 20] , the reduction of RB expression triggered by RA could contribute to a certain extent to its inhibitory effect on adipogenesis.
The mechanism of RB reduction by RA could involve a direct effect of RA on the rb gene promoter or be an indirect effect. Interestingly, it has been reported that the myogenic transcription factor MyoD induces the transcription of the rB gene during muscle cell differentiation [44, 45] . If a similar mechanism takes place in adipocytes, RA could act by reducing the availability of an adipocyte transcription factor necessary for RB expression. In this context, it makes sense our finding that the inhibitory effect of RA on RB expression was not observed in already differentiated adipocytes (see Western blot in Fig. 2 ), in which most adipogenic transcription factors are presumably highly expressed.
Our results provide evidence that RA may also induce RB phosphorylation, not only in differentiating cells [22] , but even in already differentiated adipocytes (Fig. 2) . The mechanism behind appears to imply down-regulation of the CKI p21 Cip1 . Thus, the normal increase in the expression of p21 Cip1 during adipogenesis was prevented in the presence of RA, and down-regulation of p21 Cip1 was also evident in RA-treated differentiated adipocytes. Both PPARg and C/EBPa adipogenic transcription factors have been reported to participate, in a complex fashion, in the induction of p21 Cip1 during adipogenesis [25, 27] . Therefore, reduction of p21 Cip1 levels may be secondary to the well-known inhibitory effect of RA on adipogenesis, which results in lower levels of PPARg and C/EBPa; however, a direct negative effect of RA on p21 Cip1 gene transcription is also possible, especially considering that the promoter of the p21 Cip1 gene contains a functional RARE [46] and that down-regulation by RA was also evident in differentiated adipocytes. Whatever the mechanism, increased RB phosphorylation and retention of the RB phosphorylation capacity, meaning retention of the capacity of the cells to re-enter the cell cycle, appear to be incompatible with terminal differentiation [22] . Inhibition of adipogenesis by tumor necrosis factor a (TNFa) seems to follow a similar modulation, also involving p21 Cip1 [25] . It should be noted that expression of p27 Kip1 , another CKI, was not affected by RA, and that levels of p27 Kip1 were high in both control and RA-treated adipoytes. Taken together, the results seem to indicate that the RA treatment has altered the coordination between the expression of both regulators of cell cycle progression, p21 Cip1 and p27 Kip1 .
As expected, RA induced transcription from the ucp1 gene promoter (which contains a complex RA response element [39, 47] ), in HIB 1B adipocytes and CHO K1 cells transfected with the 4551CAT reporter plasmid, which contains the promoter region of the rat ucp1 gene driving the expression of CAT. Ectopic overexpression of C/EBPa inhibited this induction. Interestingly, it has been reported that ligand-activated RAR inhibits white adipocyte differentiation by inhibiting C/EBPs-mediated transcription rather than by directly regulating RAREcontaining genes [30] . These authors suggested that ligand-bound RAR and C/EBPs may utilize a related and possible limiting transcriptional co-activator, and the same mechanism could explain the inhibitory interaction between both transcription factors on the ucp1 promoter reported here.
Interestingly, we show here that RB co-overexpression was able to partially counteract the inhibitory effect of C/ EBPa on RA-induced ucp1 promoter activity in adipocytes, and we have previously reported a physical and functional interaction between RB and C/EBPa in adipocytes [20] . We propose that competition between RB and the postulated limiting co-activator for a common binding site on C/EBPa could cause the release of the co-activator, making it available for interaction with ligand-activated RAR, and consequently, restoring the induction of the ucp1 promoter. Remarkably, the pattern of response to the RB and C/EBPa transfection in CHO 1K cells was different from that observed in adipose cells. So, cell type-specific effects modulating the interaction between RB and C/EBPa occur in adipocytes, suggesting the involvement of cell typespecific factors.
In conclusion, our results indicate that RA reduces the expression of RB during adipogenesis and increases the phosphorylation state of RB, probably via inhibition of p21 Cip1 , both in differentiating and differentiated adipocytes. The effects of RA result in the blockage of adipogenesis, but may also favor the retention of a pool of adipose cells able to re-enter the cell cycle, which may be important for the developmental dynamics of adipose tissue in vivo. In addition, these results reinforce the idea that there is a cross-talk between the cell cycle machinery and the adipocyte differentiation machinery that can be modulated by external signals, including nutrients. for kindly providing 3T3 F442A cells; Dr. D. Ricquier (CNRS, Meudon, France), for kindly providing the 4551CAT reporter plasmid and CHO K1 cells; and Dr. B.M. Spiegelman (Dana Farber Cancer Institute, Boston, MA), for kindly providing HIB 1B cells and PPARg antibody.
